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ABSTRACT
We present a detailed stellar clustering analysis with the application of the two-point cor-
relation function on distinct young stellar ensembles. Our aim is to understand how stellar
systems are assembled at the earliest stages of their formation. Our object of interest is the
star-forming region NGC 346 in the Small Magellanic Cloud. It is a young stellar system well-
revealed from its natal environment, comprising complete samples of pre–main-sequence and
upper main-sequence stars, very close to their formation. We apply a comprehensive char-
acterization of the autocorrelation function for both centrally condensed stellar clusters and
self-similar stellar distributions through numerical simulations of stellar ensembles. We in-
terpret the observed autocorrelation function of NGC 346 on the basis of these simulations.
We find that it can be best explained as the combination of two distinct stellar clustering de-
signs, a centrally concentrated, dominant at the central part of the star-forming region, and
an extended self-similar distribution of stars across the complete observed field. The cluster
component, similar to non-truncated young star clusters, is determined to have a core radius
of ∼ 2.5 pc and a density profile index of ∼ 2.3. The extended fractal component is found with
our simulations to have a fractal dimension of ∼ 2.3, identical to that found for the interstellar
medium, in agreement to hierarchy induced by turbulence. This suggests that the stellar clus-
tering at a time very near to birth behaves in a complex manner. It is the combined result of
the star formation process regulated by turbulence and the early dynamical evolution induced
by the gravitational potential of condensed stellar clusters.
Key words: Magellanic Clouds – stars: pre-main-sequence – stars: statistics – HII Re-
gions – ISM: individual objects: LHA 115-N66 – open clusters and associations: individual:
NGC 346.
1 INTRODUCTION
It is generally accepted that stars form in groups of various sizes
and characteristics (Lada & Lada 2003), starting with small com-
pact concentrations of protostars embedded in star-forming regions
and moving up in length-scale to large extended loose aggregates
of young stars stars. It is, however, suggested that these diverse
stellar assembles are not independent from each other, but tightly
connected through the star formation process (Elmegreen 2011).
Small, dense proto-clusters coexist in a symbiotic fashion with
larger, less dense subgroups of OB-type stars, which in turn reside
in even larger, looser stellar associations, each of these types of
objects representing a different time-scale of star formation within
one molecular cloud (Efremov & Elmegreen 1998). This picture of
clustered star formation at various length- and time-scales is not al-
ways clear in our observations, as e.g., in the massive star formation
environments of star-burst clusters.
⋆ dgoulier@mpia.de; dgoulierm@googlemail.com
Studies of newly formed stellar systems can identify the con-
ditions that may favor multiple over single cluster formation events.
Different scenarios for star formation predict different observable
properties for the resulting stellar systems. The ‘quiescent’ star for-
mation scenario (e.g. Krumholz & Tan 2007) predicts large age-
spreads among young stars in the same molecular cloud, while
according to the ‘competitive accretion’ scenario (e.g. Clark et al.
2007) star formation is a process of short time-scale, leading to
clusters in a variety of forms.
The investigation of the clustering of stars at the time of
their formation can provide important information on the nature
of the star formation process itself (e.g., Schmeja et al. 2008), and
place constraints to the suggested theories. A single compact stel-
lar cluster, embedded in its own HII region, would suggest a lo-
cal monolithic episode of star formation in a dense environment.
However, such clusters are rarely found in isolation; they are the
densest stellar concentrations of larger stellar structures as seen in
dwarf and spiral galaxies (Efremov 2009; Karampelas et al. 2009).
In our own Galaxy multiple (or fractured) clusterings of stars
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in large star-forming regions, are also more commonly observed
(Feigelson et al. 2011; Megeath et al. 2012). This clustering behav-
ior favors the existence of multiple processes, such as feedback,
controlling star formation, and being active on different scales.
Giant Molecular Clouds are hierarchical structures
(Elmegreen & Falgarone 1996; Stutzki et al. 1998), indicating
that scale-free processes determine their global morphology.
Turbulence is being widely accepted as the dominant among
these processes (Mac Low & Klessen 2004; Elmegreen & Scalo
2004). The goal of this paper is to establish whether the newly
formed stars follow a similar, hierarchical distribution, which may
indicate that turbulence also determines the clustering behavior of
stars at the time of their formation. This investigation requires a
complete census of stars, covering a high dynamic range in masses,
distributed over the typical length-scale of giant molecular clouds.
Our target of interest is the star-forming complex NGC 346,
the brightest H II region in the Small Magellanic Cloud (LHA 115-
N66; Henize 1956). Hubble Space Telescope imaging of such re-
gions in the Magellanic Clouds (MCs) provides an unprecedented
access to their newly-born stellar populations down to the sub-solar
regime over large areas of the sky. Observed by Hubble (GO Pro-
gram 10248; PI: A. Nota), this region satisfies, thus, the main ob-
servational criteria for our analysis: 1) Observed on size-scales rel-
evant for molecular clouds (50 - 100 pc); 2) High angular resolution
(∼ 0.125′′); 3) Large number of detected members, covering a sig-
nificant fraction of the stellar Initial Mass Function, complete to
∼ 0.5 M⊙. Our dataset, obtained with the Advanced Camera for
Surveys (ACS), is described in Gouliermis et al. (2006).
A rich sample of more than 98,000 stars was detected down to
m555 ≃ 27 mag with ∼> 50% completeness. It comprises a mix-
ture of stellar generations, with 60% of the stars formed ∼< 5 Gyr
ago (Cignoni et al. 2011). The young populations in NGC 346 con-
sist mainly of low-mass pre–main-sequence (PMS) stars, iden-
tified from their positions on the color-magnitude diagram (see
Gouliermis 2012, for a review on low-mass PMS stars in the
Magellanic Clouds). It is decidedly troublesome to determine an
age for a cluster based on its PMS stars (Jeffries 2012; Preibisch
2012). Nevertheless, an isochronal age of ∼ 3 Myr has been es-
tablished for NGC 346 by Sabbi et al. (2008) by comparison with
PMS evolutionary models. We complete the sample of low-mass
PMS stars with the upper–main-sequence (UMS) stars (m555 −
m814 6 0.0 mag; 12 ∼< m555 ∼< 17 mag; ages ∼< 10 Myr), com-
piling a total sample of 5,150 stars. The UMS stars correspond to
about 7% of the sample. The map of our stellar inventory is shown
in Figure 1.
In a previous study (Schmeja et al. 2009, from here on Pa-
per I) we applied a cluster analysis based on the nearest-neighbor
density method and we identified ten individual PMS stellar clus-
ters in the region. We established that NGC 346 is a multi-clustered
environment. This work also provided evidence of hierarchy in
the PMS stellar clustering from a graph theory study with the
minimum spanning tree and the analysis of the Q parameter
(Cartwright & Whitworth 2004). While these methods provided a
unprecedented insight of the NGC 346 clustering, they were not
able to quantitatively describe its complexity, or to characterize its
self-similar behavior. In addition, the accuracy of the Q parameter
in interpreting a fractal structure has been challenged on the basis of
the effect of projection in elongated star clusters (see Bastian et al.
2009 and Cartwright & Whitworth 2009 for different accessions
and viewpoints to the problem). The Q parameter for the whole
complex of NGC 346 was found equal to about 0.8, and thus can-
Figure 1. Map of the stars selected for our analysis, i.e., low-mass PMS and
more massive upper–main-sequence (UMS) stars, as found in both F555W
and F814W filters with DOLPHOT photometry (Dolphin 2000) based on
ACS/WFC imaging of three pointings on the field of NGC 346. Red dots
correspond to the UMS stars. The map covers the whole observed area.
North is up, and east is to the left. Coordinates are given in seconds of arc
in respect to a reference point, and are determined based on the drizzled
ACS image in the F814W filter.
not be used to conclude about the nature of stellar clustering in this
region.
We revisit the question of stellar clustering in NGC 346 with
the application of a thorough cluster analysis. We first assess the
topology of young stellar clustering in the region with the kernel
density estimation technique, and the distribution function of stel-
lar separations. We then decipher the clustering behavior of young
stars in NGC 346 with the construction of their observed two-point
correlation function, i.e., their autocorrelation function and its com-
parison to those from a series of simulated stellar distributions. We
explore, thus, the limitations of this method and provide an accurate
interpretation of the observed autocorrelation function. We, thus,
carefully characterize the complex clustering behavior of young
stars in NGC 346.
The paper is organized as follows. In Section 2 we present
the stellar surface density map of NGC 346, and the distribution
function of stellar separations. In Section 3 we present the auto-
correlation function and discuss the first observable evidence that
NGC 346 contains (at least) two components with very distinct dis-
tributions. We compare the autocorrelation function of NGC 346
with simulations of centrally condensed and self-similar stellar dis-
tributions in Section 4. We show that indeed the stellar distribution
in the region is the result of two individual stellar components, a
central condensed and an extended fractal distribution. In the same
section we also constrain the basic parameters of these components
using dedicated simulations of mixed stellar distributions. Finally,
in Section 5 we summarize our results and discuss their implica-
tions to our understanding of clustered star formation. Concluding
remarks of our study are given in Section 6. Additionally, in Ap-
pendix A we present our library of simulated autocorrelation func-
tions to be used for the interpretation of that observed in NGC 346,
and in Appendix B we provide an empirical calibration between
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Figure 2. The surface stellar density (significance) map constructed from
the sample of young stars in the region of NGC 346 with the use of the
KDE technique and a 5′′ Gaussian kernel. Isopleths at different density lev-
els, drawn with different colors, signify the individual stellar clusterings
identified in this region. The color-bar indicate different density levels in σ,
the standard deviation of the measured stellar density in the whole region.
North is up and East is to the left. Coordinates are given as in Figure 1.
three-dimensional and two-dimensional fractal dimensions over a
wide range of values.
2 THE SPATIAL DISTRIBUTION OF YOUNG STARS
2.1 The Kernel Density Estimation Map
We construct the surface density map using the kernel density
estimation (KDE) technique (Silverman 1992). This technique
smooths individual data point locations with Gaussian kernels to
form a continuous spatial distribution. The fundamental parame-
ter is the full-width-at-half-maximum (FWHM) of the kernel. For
the purposes of our study the selection of this parameter was based
on the desired ‘resolution’, i.e., the smallest stellar structure to be
identified.
Based on the sizes of the detected stellar clusterings in Pa-
per I, we optimize the construction of the surface density map with
a FWHM ∼ 5′′ (equivalent to ∼ 1.5 pc)1. The produced KDE den-
sity map of NGC 346 is shown in Figure 2. In this map small stel-
lar clusterings, coinciding with the stellar groupings previously de-
tected using the nearest-neighbor method, appear as over-densities
at density levels of ∼> 2σ. However, all these clusterings are part
of a large stellar structure at the 1σ density level. At the lowest,
∼ 1σ significance level, two large loose stellar over-densities are
apparent in the KDE map, which coincide with features that can
also be discerned in ionized gas and PAH emission: 1) The central
“bar” of the star-forming region, i.e., the bright emission region,
extending from southeast to northwest (Rubio et al. 2000), and 2)
1 In Paper I we applied an unsupervised cluster detection, based on the 20th
nearest-neighbor density map of the region.
Centr. Conc. Cluster
Random Field
NGC 346
Figure 3. Distribution function for separations between the young stars in
our sample for NGC 346 (blue line). The separations distribution p(r) for a
simulated field of stars with uniform surface-density (i.e., random distribu-
tion; green-dashed line), and that for a centrally concentrated cluster with
density gradient ∝ r−1.7 (red line) are plotted for comparison. The con-
struction of both these artificial stellar distributions are discussed in detail
in Appendix A. The separations distribution for NGC 346 shows multiple
maxima, and its shape is very close to that for the centrally concentrated
cluster (see Section 2.3, for a discussion on this similarity).
the “northern arc-like arm” identified in mid-infrared wavebands to
extend from the center of the region to the center-northeast part of
the field (Gouliermis et al. 2008).
The KDE map of the region depicts, similarly to the nearest-
neighbor map, that the region of NGC 346 includes several sepa-
rate clusterings, defined by the 2σ and 3σ isopleths, characterized
in previous studies as individual sub-clusters (Sabbi et al. 2007, Pa-
per I). However, the KDE map illustrates in a far more meticulous
manner another critical characteristic of the stellar clustering in
NGC 346. There are several compact stellar clumps, which do not
appear to be independent, but they emerge as small over-densities
within the NGC 346 bar and northern arm. The bar itself is revealed
as a large stellar structure (aggregate) in the KDE map at 2σ sig-
nificance. Stellar distribution within this aggregate is organized in
a segregated fashion with the small compact clusterings surround-
ing a central massive cluster, which appears circular at ∼ 4σ sig-
nificance and higher (Figure 2). Whether there is any hierarchy in
the manner the aggregate is assembled, whether the central clus-
ter is indeed centrally concentrated and how all the over-densities
are connected to each other within the same large structure, are the
questions we intend to explore with our analysis.
2.2 Stellar Separations Distribution Function
We derive the probability distribution function of stellar sep-
arations for the stars in our sample, following the recipe of
Cartwright & Whitworth (2004). The probability function, pi(rj),
for each star i is calculated as the number of pair separations Nij
that fall in the separation bin centered on rj divided by the total
number of separations:
pi(rj) =
2Nij
N (N − 1) dr , (1)
c© 2013 RAS, MNRAS 000, 1–??
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where N is the total number of stars. The distribution function p(r)
is calculated in every separation bin from the sum of pi(rj):
p(rj) =
N∑
i=1
pi(rj). (2)
The probability that the projected separation between two ran-
domly chosen stars is in the interval (r, r+ dr) is given by p(r)dr.
The separations distribution function for the young stellar pop-
ulation in NGC 346 is presented in Figure 3 (blue line). We also
show the stellar separations distribution for a uniform (not clus-
tered) stellar field (green-dashed line), and that for a simulated cen-
trally concentrated cluster (red line). Details on the simulations are
discussed in Appendix A. Perusal of Figure 3 shows that overall the
separation distribution compares quite well with that of the cen-
trally concentrated cluster with surface density profile n ∝ r−1.7.
However, this agreement is surprising, since evidently both the ob-
served stellar chart (Figure 1) and surface density map (Figure 2)
exhibit more structures than can be explained by a simple spherical
cluster. This similarity is further discussed in terms of the radial
stellar density profile in Section 2.3.
The observed probability distribution also displays a number
of local maxima, which indicates the existence of some preferred
length-scales in NGC 346, perhaps resulting from multiple cluster-
ing in the region. The clearest local maxima occur at separations of
about 50′′and 100′′(∼ 14 pc and 28 pc respectively). The smaller of
these scales coincides with the size of a central stellar concentra-
tion, as revealed in the KDE map of Figure 1 at 3σ significance.
The maximum at the larger length-scale concurs with the average
size of the stellar aggregate in the NGC 346 bar (at 2σ in the KDE
map).
2.3 Describing NGC 346 as a single condensed cluster
Based on the stellar separation distribution function, presented in
the previous section, one might be tempted to interpret the entire
stellar distribution of NGC 346 as originating from a single, cen-
trally concentrated cluster, in spite of the obvious asymmetries in
the stellar map. We performed a typical analysis by constructing the
radial surface density profile of young stars in the entire observed
area, centered on the peak surface density. This profile is shown in
blue in Figure 4 (left panel). We then fitted to the observed profile
a model cluster density profile with the functional form prescribed
by Elson, Fall & Freeman (1987, see Appendix A2.2). The best-
fitting model is also shown in Figure 4 (left) in red.
Considering that NGC 346 is certainly not a single condensed
cluster, its radial profile was surprisingly well reproduced by mod-
els for clusters with core radii of rc ≃ 14.9′′ ± 0.7′′, and density
profile slopes of γ ≃ 1.69± 0.06. Such a model cluster is used for
comparing the stellar separations distributions shown in Figure 3.
This agreement shows that caution is warranted when interpret-
ing radial density profiles, as well as stellar separations distribution
functions, in particular in cases where the observations do not allow
to recognize prominent asymmetries. It demonstrates the need for
a diagnostic tool for stellar distributions, which is equally sensitive
to structure afar from the regions with the highest stellar density. To
this end we use the two point correlation (autocorrelation) function.
The diagnostic power of this function is demonstrated in Figure 4,
right panel, which shows that the best-fit cluster distribution fails
completely to reproduce the observed autocorrelation function (see
Section 4.1), in spite of the excellent fit to the radial profile (Fig-
ure 4 left) and stellar separations distribution function (Figure 3).
3 THE AUTOCORRELATION FUNCTION OF YOUNG
STARS IN NGC 346
The degree of clustering of stars can be quantified by using the
two-point correlation function (Peebles 1980, Section 45). Applied
to stars in the same sample, this function becomes an autocor-
relation function (ACF). In the following, we broadly follow the
method introduced by Peebles (1980) for cosmological applications
and modified by Gomez et al. (1993) for characterizing the clus-
tering behavior of T Tauri stars in Galactic star-forming regions.
Other recent investigations applied this method to observed sam-
ples of star clusters in remote galaxies (e.g., Zhang et al. 2001;
Scheepmaker et al. 2009, in the Antennae and M 51 galaxies re-
spectively).
The ACF is defined as:
1 + ξ(r) =
1
n¯N
N∑
i=1
ni(r), (3)
where ni(r) is the number density of stars found in an aperture of
radius r centered on, but excluding star i. N is the total number of
stars and n¯ is the average stellar number density. The corresponding
uncertainties based on Peebles (1980) are given by:
δ(r) =
√
N ·
(
1
2
N∑
i=1
np(r)
)−1/2
, (4)
where np(r) is the number of pairs formed with the central star i of
the current aperture, and the factor 1/2 accounts for not counting
every pair twice.
In general, ξ(r) is defined such that n¯[1 + ξ(r)]d2r is the
probability of finding a neighboring star in a area of radius r from
a random star in the sample. This means in effect that 1 + ξ(r)
is a measure for the mean surface density within radius r from a
star, divided by the mean surface density of the total sample (i.e.
the surface density enhancement within radius r with respect to the
global average). Therefore, for a random stellar distribution 1 +
ξ(r) = 1, while for a clustered distribution 1 + ξ(r) > 1.
For a hierarchical, or fractal, distribution of stars the ACF
yields a power-law dependency with radius of the form 1+ ξ(r) ∝
rη (Gomez et al. 1993). For such a distribution, the total number of
stars N within an aperture of radius r increases as N ∝ rη · r2 =
rη+2. The power-law index η is related to the two-dimensional
fractal dimension D2 asD2 = η+2 (Mandelbrot 1983). Power-law
ACFs have been observed for interstellar gas over a large range of
environments, and have been interpreted as indications of hierarchi-
cal structuring of the gas. The derived typical (three-dimensional)
fractal dimension of D3 ∼ 2.3 (e.g. Elmegreen & Falgarone 1996;
Elmegreen & Elmegreen 2001) apparently comes from the same
underlying distribution as found for extragalactic star-forming re-
gions in NGC 628 with a two-dimensional fractal dimension of
D2 ≃ 1.5 (Elmegreen et al. 2006). However, the conversion D2 =
D3−1 is not generally valid is discussed in Elmegreen & Falgarone
(1996) and (Elmegreen & Scalo 2004). In Appendix B we calibrate
this relation over a large range of fractal dimensions.
3.1 The Effect of Limited Observed Field-of-View
The ACF, calculated according to Eq. (3), is sensitive to the size of
the surveyed area, because apertures around stars close to the edge
fall partly outside the survey area, measuring a too low average stel-
lar surface density. This introduces a very steep decrease, dropping
well below unity for larger separations due to missing stars out-
c© 2013 RAS, MNRAS 000, 1–??
Bimodal Stellar Clustering in NGC 346 5
Figure 4. Left: Radial stellar surface density profile of the young stars in the observed field of NGC 346 (in blue). This profile, constructed in concentric
annuli, is being build for a first assessment of the structural parameters of the stellar cluster that would best represent the stellar distribution in NGC 346. The
best fitting profile model with core radius rc ≃ 15′′ and density profile slope γ ≃ 1.7 is plotted in red. Right: The autocorrelation function of the young
stars in NGC 346 (blue) and that of a simulated cluster (red) with the characteristics of the best-fitting model for the observed density profile. The differences
between the two autocorrelation functions are striking, demonstrating that the clustering of stars in NGC 346 cannot be explained as being produced by a
single centrally concentrated cluster, in contrast to what the radial stellar density profile implies. The right panel is discussed thoroughly in Section 4.1. It is
shown here to demonstrate the disagreement in the results between the autocorrelation function and the density profile analyses.
Figure 5. The ACF of the young stellar population (PMS and UMS stars) in
NGC 346. The horizontal dashed line corresponds to the ACF of a random
field and equals unity. The grey line corresponds to the ACF uncorrected for
edge effects, while the blue line depicts the corrected ACF (see discussion
in Section 3.1.
side of the observed field-of-view. This behavior is demonstrated
in the ACF of NGC 346 shown with a grey line in Figure 5 (de-
scribed in Section 3.2). The correct way of dealing with this issue
is by “masking” the apertures, i.e., by dividing only the part of each
aperture that overlaps with the observed field-of-view when calcu-
lating average surface densities (ni in Eq. 3). With this correction
the ACF drops smoothly to the level of the random field for larger
separations (blue line in Figure 5). From Figure 5 we assess that the
correction for the ACF of NGC 346 becomes dominant at separa-
tions larger than ∼ 70′′. We consider this ACF, as well as all ACFs
simulated in our analysis, to be reliable for separations up to this
limit.
3.2 The Observed ACF of NGC 346
The ACF for the young stellar population of NGC 346, constructed
according to Eq. (3), is plotted with respect to projected stellar sep-
arations in Figure 5. Error bars are determined according to Eq. (4).
The clustering of young stars in NGC 346 becomes stronger, i.e.,
larger values of 1 + ξ(r), at smaller stellar separations. This figure
also shows that the stellar clustering in NGC 346 changes behavior
at different scales. Two distinct parts in the ACF plot can be distin-
guished at the separation of about 20′′ (∼ 5 pc). Both parts show an
almost linear decrease of the ACF with radial distance, but with sig-
nificantly different slopes. Each of these power-law dependencies
is similar to that expected for a fractal stellar distribution. However,
a purely hierarchical stellar distribution exhibits a single-slope in-
crease of 1 + ξ with smaller separations over all scales unlike the
ACF of Figure 5 that shows a clear break.
We verify that the ACF of young stars in NGC 346 is well-
described by a broken power-law, and we determine its slopes, η,
by fitting such a power-law function. We establish the indexes of the
two corresponding linear parts by applying a Levenberg–Marquard
nonlinear least square minimization technique (Levenberg 1944;
Marquardt 1963), as implemented in IDL by Markwardt (2009).
The two power-law slopes in the ACF, as well as the position of
the break point along the abscissa are the free parameters in our fit.
The break in the slope occurs at separations of 20.85′′ (∼ 5.8 pc).
The inner part (r <∼ 21′′) has a power law index ηin ≃ −0.18, which
corresponds to a 2D fractal dimension ofD2 ≃ 1.8. For separations
21′′<∼ r <∼ 70′′ (6 pc <∼ r <∼ 20 pc) the ACF has a power-law index of
ηout ≃ −0.58 (D2 ≃ 1.4). As we discussed earlier, separations
beyond the limit of ∼ 70′′ cannot be considered in our analysis,
since at these separations the ACF correction for the finite observed
field is dominant.
The fractal dimension found for the small stellar separations
in NGC 346 is quite close to the geometrical 2D dimension, sug-
gesting a smooth stellar distribution at these scales. It is interesting
to note that at larger scales the derived smaller fractal dimension
suggests a more clumpy distribution of stars. This fractal dimen-
c© 2013 RAS, MNRAS 000, 1–??
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sion of D2 ≃ 1.4 agrees very well with that found by several au-
thors for the interstellar gas in the Milky Way and other galaxies
(e.g., Falgarone et al. 1991; Westpfahl et al. 1999; Kim et al. 2003),
as well as with that found for stellar clusters in external galaxies
(e.g., Zhang et al. 2001; Elmegreen et al. 2006; Scheepmaker et al.
2009), and for young stars in several dwarf galaxies (Odekon 2006).
These investigations argue that the derived fractal dimensions orig-
inate from the turbulent motions in the ISM.
Projected fractal dimensions with values between D2 = 1.3
and 1.5 are considered to be consistent with analogous measures of
the 3D fractal dimension of D3 ∼ 2.4 derived by both fractional
Brownian motion simulations (see, e.g., Stutzki et al. 1998) and
from laboratory or numerical turbulent flows (Mandelbrot 1983;
Sreenivasan 1991; Federrath et al. 2009). It should be noted that
this argument is valid only when the simple conversion D3 = D2+
1 holds. Based on our simulations of self-similar stellar distribu-
tions (see Appendix A3), we show that the conversion D3 = D2+1
is not generally valid (see Appendix B). We also establish an em-
pirical relation between the original D3 used for constructing the
distributions and the D2 values derived with the use of the ACF.
Our findings on the ACF of NGC 346 clearly suggest that stel-
lar clustering at scales larger than ∼ 21′′is hierarchically driven by
turbulence and thus related to the structure of the ISM. Our simula-
tions of fractal distributions, discussed in Appendix A3, show that
indeed hierarchical stellar clustering produces a linear dependency
of ACF in log-log, but this dependency extends with the same
index η across the whole considered length-scales range. Cases
where this has been observed are reported by Gomez et al. (1993),
Larson (1995), and Simon (1997) in star-forming regions of the
Milky Way. The fact that the ACF of Figure 5 behaves like a broken
power-law implies that the stellar distribution in NGC 346 is neither
a purely hierarchical, nor a pure centrally condensed distribution.
In fact, the clear change of slope in the observed ACF provides a
strong indication that there are multiple components present, whose
distribution is quantitatively and significantly different. The first,
high density, component – e.g., a centrally concentrated cluster –
affects preferentially the most populated regions of the observed
field, while the second, more extended component has significant
members throughout the region. This is consistent with the obser-
vation that the bar of NGC 346 is a loose stellar congregate, with a
definitive compact stellar concentration at its center (Figure 2).
We test the two-components hypothesis by a simple experi-
ment. We repeat our calculation of the ACF while excluding the
central compact part of the observed field. Specifically, we mask
the stellar sample at significance levels varying between 3 and 8σ
from the KDE map of NGC 346 (Figure 2). We find that for values
between 5 and 7σ the resulting ACF is very close to a single power
law, with an exponent of ∼ −0.2. The derived ACF for masking
value of 6σ is plotted in red in Figure 6. For higher values of σ,
too many stars in the central compact part are retained and the cor-
responding ACF still exhibits the characteristic break. This exper-
iment provides more confidence that indeed NGC 346 is the con-
jugated result of two different stellar distributions. The following
section is dedicated to obtaining quantitative constraints on the na-
ture of these separate components through numerical simulations.
4 NUMERICAL SIMULATIONS
We derive the nature of the components that dominate the stellar
clustering by performing a thorough set of numerical simulations.
These simulations are essential for the correct interpretation of ob-
All stars
6σ masked
Figure 6. The ACF of the young stellar population in NGC 346 through
its complete extend (in blue) compared to the ACF of the same population
with the central compact region masked. The ACF derived after masking
the stellar sample at 6σ KDE-significance is plotted in red. This ACF ex-
hibits a single slope in contrast to the broken power-law observed for the
whole sample. This supports the interpretation that the stellar distribution
in NGC 346 is governed by two components, a compact and an extended
one. The vertical dashed line indicates the separation of 70′′ beyond which
the effect of finite field-of-view becomes dominant.
served ACFs, and quantify the uncertainties of the derived cluster-
ing parameters. In Appendix A we present a library of ACFs on the
basis of simulations of centrally condensed and self-similar stellar
distributions. These simulations aid the interpretation of the ACF
assuming a single type of clustering (compact or fractal). Here we
discuss simulations directly applicable to NGC 346, which shows
a more complicated clustering behavior with the co-existence of
multiple stellar components. All considered simulations contain the
same number of stars as observed in NGC 346 in comparable field-
of-view. This implies that an applicable simulation should repro-
duce not only the shape of the observed ACF but also the absolute
values.
4.1 Simulations of a Single Centrally Condensed Cluster
In Section 2 we found that both the stellar separations distribution
function (Figure 3) and the stellar surface density profile of young
stars in NGC 346 (Figure 4) imply that the young stars are mostly
distributed in a centrally condensed fashion. Therefore, the simplest
possible model to describe the ACF of NGC 346 would consist of
a single, centrally concentrated cluster. In Appendix A2, among
the considered types of centrally condensed cluster models, that
proposed by Elson, Fall & Freeman (1987, from hereon the EFF
model) is the most appropriate, since it refers to non-tidally trun-
cated clusters like those found embedded in star-forming regions.
We simulated an EFF cluster whose density profile fits best
that of NGC 346 (shown in Section 2.3) and constructed its ACF.
We compare the ACF of NGC 346 to that of this cluster in Figure 4
(right panel). In this figure, it can be seen that while the density pro-
files fit very well, the corresponding ACFs are strikingly different
from each other. At smaller separations the trend of 1+ξ(r) cannot
be reproduced by the ACF of the EFF cluster, because it is flat. The
decrease of 1+ ξ with separation for larger scales with index−0.4
does not reproduce that found for NGC 346 (−0.6; Section 3.2) ei-
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Figure 7. The ‘most successful’ ACFs of stellar distributions, constructed
according to the scenarios discussed in Sections 4.1 - 4.3. We show the re-
sults for a single cluster (orange line), a double cluster (green line) and a
cluster in a homogeneous field (blue line). They all fail to explain the ob-
served ACF (shown with the black line). We demonstrate the spread in these
simulations by also showing, in dashed lines, the results after changing the
density profile index of the considered clusters by γ = ±0.2. Even the
‘best’ simulations of those that do not include a self-similar stellar com-
ponent fail to reproduce both the shape and absolute values of the ACF of
NGC 346.
ther. This result highlights the fact that while the surface density
profile of a stellar concentration may give the impression of a cen-
trally concentrated cluster, its ACF may clearly indicate that this is
not the case. As a consequence the use of surface density profiles
for characterizing uncertain stellar distributions (e.g., open clusters
and loose stellar groups) should be made with caution, as it may
not represent reality.
We explored the possibility that other EFF clusters may repro-
duce the observed ACF, but we found that all simulated EFF pro-
files fail to reproduce the main characteristics of the observed ACF.
They all produce constant (1 + ξ) values at scales smaller than
their core-radii, not agreeing with the observed ACF of NGC 346
at these scales. In particular, those clusters that had stellar densities
at shorter separations compatible to that of NGC 346 contained un-
realistically large numbers of stars within their core radii. The ACF
of the “most successful” set of our simulations of a single centrally
condensed cluster is plotted in Figure 7 (orange line), where it is
shown that the single-cluster scenario cannot reproduce success-
fully the observed ACF. From this analysis we conclude that while
the stellar density map of NGC 346 indicates the existence of a con-
densed stellar cluster, the ACF indicates that not all young stars in
NGC 346 can belong to the central cluster and thus another, more
extended, component should be also considered. This result is addi-
tionally supported by the decomposed ACF of NGC 346 (Figure 6),
constructed by masking the central condensed cluster
In the following sections we explore the constraints we can
obtain on the nature of this extended component. We identify the
type of this component by applying simulations of the combination
of two individual stellar distributions. The total number of stars and
the field-of-view in these simulations are again identical to the ob-
served ones in NGC 346. The basic input parameters in our exper-
iments are (1) the fraction of stars with respect to the total consid-
ered number that belong to each component, (2) the core radii and
γ indexes of each considered condensed cluster, and (3) the fractal
dimensions of the simulated self-similar distributions.
4.2 Simulations of two Centrally Condensed Clusters
We study the possibility of reproducing the main characteristics of
the observed ACF, assuming two centrally condensed stellar com-
ponents. This is motivated by the fact that in the stellar surface
density (KDE) map of Figure 2 a small number (< 4) of isolated
density peaks can be seen, depending on the chosen significance
level. We produced mock stellar catalogs with the addition of two
EFF clusters, with a total number of observed stars equal to that
of NGC 346 (5,150 stars). We produced a grid of combinations in
the stellar distribution by varying the following parameters: 1) Pro-
jected separation between the clusters, which varied from 10′′ to
25′′, 2) the fraction of stars belonging to the first cluster (0.5 to
0.7), 3) the EFF profile indexes γ (between 1.6 and 2.2), and 4) the
core radii, rc, which was set between 6′′ and 12′′.
The best correspondences between models and observations
were found for low values of γ (∼1.8) and core radii (∼ 8 - 10′′).
Distributing the stars in roughly equal amounts over two clusters al-
lows for somewhat smaller individual clusters, which alleviates to
some extent the problem of having too many stars within the core
radius – and thus absolute ACF values higher than the observed.
This is demonstrated in Figure 7, where the most well representa-
tive ACF from our simulations of two centrally condensed clusters
is shown (in green). If the separation between the clusters is tuned
to be roughly consistent with the observed break of about 21′′, the
smaller clusters combined can still yield a weak break at this sepa-
ration in the ACF, but cannot reproduce the power-law trend of the
observed ACF at scales below 15′′ . In general, all of the considered
combinations of two EFF clusters completely failed to reproduce
the behavior of the ACF of NGC 346 in the complete range of sep-
arations.
4.3 Simulations of a Single Cluster plus a Homogeneous
Field
One of the striking features of the distribution of the young popu-
lation in NGC 346 is that there are stars found distributed through-
out the observed region (see also Paper I), which may be an indi-
cation of a truly dispersed population, i.e., a (young) background
field population. We simulate thus clusters that are located within
a homogeneous field. In these simulations we vary the following
parameters: 1) The fraction of stars that belong to the EFF cluster
(fcl: 0.4 to 0.7), 2) the core radius (3′′ - 15′′) and 3) the slope γ
(1.5 - 3.0) of the cluster profile.
The best agreement with the observed ACF is found for fcl ≃
0.5, core radii between 8′′ and 10′′and quite high γ values from
2.2 to 2.5. For these parameters the peak stellar surface density
(i.e., the ACF values at the smallest separation bin) and the ACF
at separations larger than 21′′ are well reproduced. However, all
simulated distributions fail to reproduce the ACF behavior at sep-
arations smaller than 15′′, in identical manner as the two previous
scenarios (see Figure 7). The origin of this general mismatch with
the observations is the fact that the stellar surface density of both
the underlying EFF distributions and the random field does not in-
crease at continuously smaller spatial scales.
4.4 Simulations of a purely Self-Similar Distribution
In Appendix A3 we present a detailed account of the behavior of the
ACF for self-similar, i.e. fractal, stellar clusterings, based on artifi-
cial stellar distributions. It is shown that hierarchical stellar distri-
butions are characterized by a monotonous (i.e. single-slope) linear
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Figure 8. The observed ACF of NGC 346 (solid black line) with the area
filled by the ACFs of the best-representative simulated mixed distributions
that assume a central compact stellar component and an extended fractal
one (light grey). The useful separations range of ∼< 70′′, where the ACF
indexes were determined, is indicated by the vertical dashed line. These
models succeed in reproducing the observed ACF at the shortest and longest
stellar separations. They have, though, the tendency to over-predict the ACF
values at separation of∼ 10′′. The ACF of the best-matching model is plot-
ted with a short dashed line. These simulations provide constraints for the
basic parameters of the contributing stellar distributions, with the central
cluster having a core radius of ∼ 9′′(∼ 2.5 pc) and extending with a slope
γ ∼ 2.27, and the self-similar distribution having a fractal dimension of
D3 ∼ 2.3.
dependency of the ACF on stellar separations in log-log, which ex-
tends across the whole considered length-scales range. The shape
of the observed ACF for NGC 346 (Figures 5 and 6) is proven to
behave like a broken power-law with different slopes for different
separations ranges (Section 3.2). As a consequence, with our simu-
lations of pure fractal stellar distributions we are able to reproduce
each one of the two linear parts of the observed ACF, but not its
complete shape across the whole separations range. As we discuss
in Section 3.2, and show in the following section, a second stellar
component must be considered in order to successfully reproduce
the broken power-law behavior of this ACF.
4.5 Simulations of a Single Cluster plus a Self-Similar
Distribution
The decomposed ACF of Figure 6, constructed by masking the cen-
tral condensed stellar concentration of the region, strongly suggests
the existence of an underlie self-similar distribution of young stars
in NGC 346, and it provided the first evidence that the system may
be the combined result of two such diverse stellar distributions. In-
deed, we find that the most successful simulations in replicating
the observed behavior of ACF for NGC 346 are those which con-
tain both a centrally concentrated dense cluster and a large-scale
hierarchical (fractal) distribution.
We constructed a sample of distributions by varying the fol-
lowing parameters. (1) The fraction of stars that belong to the clus-
ter fcl (between 0.3 and 0.7), the core radius of the EFF cluster (7′′ -
12′′), the γ index of its profile (1.8 - 3.0) and the three-dimensional
fractal dimension D3 of the fractal distribution (from 2 to 2.6).
There is only a small subset of these models that is able to repro-
duce satisfactorily that observed ACF, i.e. the peak value of 1 + ξ,
the power-law slope for separations between 1′′ and 21′′, and the
steeper slope for larger separations (21′′ to 70′′). The simulations
that represent best the observed ACF have 2,300 to 2,500 stars in
the cluster, which has a core radius of 4′′ to 9′′ and γ between 2.25
and 2.35. The best-matching extended component has a high fractal
dimension (2.2 < D3 < 2.4). Smaller clusters systematically over-
predict the ACF peak value (at the shortest-scale bin). Clusters with
core radii ∼> 10′′fail to simultaneously reproduce the AVF behav-
ior at both small and large separations. They produce too much cor-
relation for large separations, which can be remedied by increasing
the fraction of stars in the cluster but then the power-law behavior
at shorter spacings is lost.
With these dedicated simulations we succeeded in reproduc-
ing both the shallow linear behavior of NGC 346 ACF at short sep-
arations, as well as its steeper drop at large separations. We repro-
duced the ACF index for every part of its broken power-law, as
well as the separation limit, where the break occurs. Twelve of our
combined simulations reproduce the ACF of NGC 346, providing
constraints to the basic parameters of the assumed stellar distribu-
tions. In all these simulations the core radius of the central cluster is
found to be practically unchanged and equal to∼ 8′′ - 9′′. The frac-
tion of stars in the EFF cluster varies around 0.4, and the slope γ of
the assumed cluster profile has values γ ≃ 2.20 to 2.35. Finally, the
input three-dimensional fractal dimension of the best-fitting simu-
lations varies at values between ∼ 2.20 and 2.36.
The observed ACF of NGC 346 and those of the twelve most
successful simulations are shown in Figure 8. It should be noted
that the modeled ACFs are very sensitive to the chosen parameters.
We established the best-matching models by iteratively refining the
input parameters. In Figure 9 the KDE surface density map of the
most successful distribution (short dashed line in Figure 8) with
fcl = 0.4, rc = 9′′, γ = 2.3, and D3 = 2.32, is shown to be com-
pared to the KDE map of NGC 346. This density map shows sec-
ondary peaks, resembling concentrations seen in NGC 346. Never-
theless, we could not reproduce the amplitude of the second most
important stellar clump of NGC 346, which may mean that there is
a second (much smaller) compact cluster in the region.
5 SUMMARY AND DISCUSSION
In this study we present a thorough analysis of the clustering behav-
ior of young stars in the star-forming region NGC 346. In particular,
we construct the KDE density map and the separations distribution
function, and we determine the ACF of the rich sample of low-mass
PMS stars (supplemented by the young massive stars) in the region.
We show that the ACF is a robust method to characterize the clus-
tering of stars, providing that its behavior is accurately understood
through dedicated simulations. We characterize the stellar cluster-
ing in NGC 346, and interpret its ACF, through the construction
and study of the ACFs of simulated centrally condensed and fractal
stellar distributions.
We previously found indications that NGC 346 includes mul-
tiple compact stellar over-densities, and that the distribution of
PMS stars in the region is hierarchical (Paper I). With our analy-
sis here we demonstrate that the young stellar design of NGC 346
is far more complicated. The comparison of the observed ACF
with those of simulated stellar distributions shows clear evidence
that NGC 346 includes a hierarchical stellar component, extended
across the whole field-of-view, and a compact stellar cluster, which
appears more dominant in the central part of the observed region.
The observed ACF of young stars in NGC 346 is successfully
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Figure 9. Surface stellar density (significance) map constructed from the
synthetic stellar distribution that represents best the stellar clustering in
NGC 346. The map is constructed with the use of the KDE technique and
a 5′′ Gaussian kernel, in comparison to the NGC 346 map of Figure 2. The
color-bar indicates different density levels in σ, the standard deviation of
the measured stellar density in the regions. The artificial field-of-view is
identical to the observed field-of-view. Coordinates are given as in Figure 2
for NGC 346.
reproduced if we assume that ∼ 40% of the stellar population be-
longs to a condensed cluster with core radius of rc ∼ 2.5 pc and
a density profile index γ ∼ 2.3, “embedded” in a self-similar stel-
lar distribution with a fractal dimension of D3 ∼ 2.3. NGC 346 is,
thus, a very interesting example of composed stellar distributions,
on length-scales typical for molecular clouds, providing an un-
precedented insight of the topology of star formation. The fact that
we still observe self-similar stellar clustering even after ∼ 3 Myr
is also interesting, because this time-scale provides a constraint on
how long it takes for the stars to lose their primordial spatial distri-
bution.
The derived three-dimensional fractal dimension of D3 ≃
2.3, for the self-similar stellar component, fits very well to the
value derived from numerical experiments of supersonic isothermal
turbulence (Federrath et al. 2009), and with measurements inferred
from observations of the interstellar gas (Elmegreen & Elmegreen
2001). This agreement implies that the self-similar stellar distribu-
tion in NGC 346 is possibly inherited by the turbulent interstellar
gas of the natal molecular cloud. In our study for the determina-
tion of D3 we use the ACF, Federrath et al. (2009) argue that the
∆-variance (Stutzki et al. 1998; Ossenkopf et al. 2008) is the most
reliable method, and Elmegreen & Elmegreen (2001) use the size
distribution function of stellar aggregates. Although different, all
three studies agree in the derived value of D3 ∼ 2.3.
On the other hand, recent numerical simulations by
Girichidis et al. (2012) and Dale et al. (2013) find a higher degree
of hierarchy for stars formed from turbulent molecular clouds with
smaller values of D3 ∼ 1.6. These studies, which apply the Q-
parameter (Cartwright & Whitworth 2004), find similar fractal di-
mensions with that inferred from the same method for the Taurus
molecular complex (D3 ∼ 1.5), in line with the fractal dimensions
of the ISM in this region (see, e.g., Alfaro & Sa´nchez 2011).
While the differences in the derived fractal dimensions may
reflect discrepancies in the methods used, the may as well demon-
strate the fact that stars have a different spatial distribution to the
gas from which they formed, or that the gas is not similarly struc-
tured everywhere. Observations of nearby Galactic star-forming re-
gions show that while the gas filaments have a smooth, radially de-
creasing density profile (e.g., Arzoumanian et al. 2011), the distri-
bution of recently-formed stars (τ ∼ 1 Myr) has a range of different
morphologies, some being fractal and others centrally concentrated
(Cartwright & Whitworth 2004).
Whether or not every stellar distribution forms with substruc-
ture has yet to be determined. N-body simulations suggest that even
a moderate amount of dynamical interactions will partly erase sub-
structure, forbidding a star-forming region from retaining a strong
signature of the primordial ISM distribution (e.g., Scally & Clarke
2002; Goodwin & Whitworth 2004). Considering that subsequent
substructure is difficult to be formed, and dynamics may have aided
the formation of a condensed cluster in NGC 346, the observed sub-
structure may be an upper limit of the primordial value.
The existence of the central compact cluster naturally compli-
cates somewhat the star formation picture in the region. Assuming
that the clustered stellar population is coeval with the extended hi-
erarchical stellar component, one has to consider two scenarios for
its formation: Either (1) this cluster was formed as a distinct promi-
nent compact concentration amid a distributed stellar population, or
(2) it was originally formed as part of the extended stellar compo-
nent, and soon became centrally condensed due to rapid dynamical
evolution.
The first scenario implies the co-existence of two different
modes of star formation; one that produces a centrally concen-
trated cluster plus another that is responsible for the distributed
PMS stars. The formation of both clustered and distributed pop-
ulations of young stars in a single molecular cloud is numerically
described by Bonnell et al. (2011), where both modes are deter-
mined by the local gravitational binding of the cloud. The bimodal
star formation scenario is further supported by the large number of
‘unclustered’ PMS stars (see also Paper I).
The second scenario assumes that the centrally condensed
cluster in NGC 346 is the merging product of distinct com-
pact newly-born sub-clusters within the natal cloud. This sce-
nario is supported by hierarchical fragmentation of the turbulent
molecular cloud, which forms stars in many small sub-clusters
(Klessen & Burkert 2000). These sub-clusters will interact and
merge to form a dominant stellar cluster through closer and more
frequent dynamical interactions (Bonnell et al. 2003). The exis-
tence of compact PMS sub-clusters along the whole extend of
NGC 346 makes this scenario favorable. Recent N-body simu-
lations of the dynamical evolution of star-forming regions by
Parker et al. (2013) also support this scenario. In these simulations,
initially sub-structured super-virial agglomerations will evolve to
form a multi-clustered region, similar to NGC 346, within 5 Myr.
The simulations by Parker et al. (2013) predict that star-
forming regions will dynamically evolve to form bound clusters
or unbound associations, depending on their initial conditions, i.e.,
their virial status and fractal dimension. Based on the present status
of the central cluster, we cannot know which of the above scenar-
ios explains its origins. Specifically, it is unclear if the cluster is
still under formation (through merging or not), and if it is undergo-
ing core collapse that evaporates its low-mass stars due to gas ex-
pulsion (Baumgardt & Kroupa 2007), or through rapid dynamical
interactions (Allison et al. 2010). Considering that all simulations
discussed here deal with length-scales and stellar numbers smaller
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than that of NGC 346, modeling of richer stellar samples in larger
areas is surely necessary for constraining the initial conditions that
led to the formation of NGC 346.
Most simulations predict central segregation of the most mas-
sive stars, but they measure it with different methods and explain
it with different mechanisms. Mass segregation may be primordial
because massive stars are born in situ at the central region, or due to
rapid equipartition, and so it is the product of dynamical evolution.
Mass segregation is observed in NGC 346 through the comparison
of its isochronal age with the time-scale for energy equipartition,
i.e., for mass segregation (Spitzer 1987, p. 74, see also Kroupa
2004). Sabbi et al. (2008) found that the latter is one order of a
magnitude larger, impliying that the observed mass segregation is
likely due to initial conditions, rather than dynamical evolution.
The present dynamical status of whole region of NGC 346
can be naively2 determined in terms of its relaxation and cross-
ing time-scales. The relaxation time, Trelax ≈ (0.1N/ lnN) Tcr,
is the time for significant energy redistribution to occur in a clus-
ter (Binney & Tremaine 1987, p. 37), where Tcr ≈ 2rh/σ, is the
crossing time of a typical star through the cluster which has a char-
acteristic radius rh and a velocity dispersion σ ≈ GM/rh (see
also Kroupa 2008). G = 0.0045 pc3/ (M⊙Myr2) is the gravita-
tional constant, N the total number of stars, and M that total stel-
lar mass of the cluster. Using a radius rh ≃ 9 pc and a total mass
M ≃ 3.9 105 M⊙, Sabbi et al. (2008) derives Trelax ≃ 570 Myr,
far larger than the age of NGC 346. This result, supported by the
apparent substructure in the region suggests that NGC 346 is not
dynamically relaxed, in agreement with the assumption that mass
segregation in NGC 346 is primordial.
Gieles & Portegies Zwart (2011) use the ratio of stellar age
over the crossing time, Π = Age/Tcr, to distinguish bound from
unbound stellar systems, with Π < 1 for unbound, i.e., expanding,
objects. Using their own definition of the crossing time in terms of
empirical cluster parameters (their Eq. 1), and the values for age,
rh and M from Sabbi et al., they derive Tcr = 6.4Myr, and thus
Π ≈ 0.5, classifying NGC 346 as unbound agglomerate. However,
assuming a velocity dispersion of σ = 10 km s−1, typical for star-
forming complexes of the size of NGC 346, Sabbi et al. derives
Tcr = 1.8Myr, which classifies NGC 346 as a bound system.
The difference in the results between the above studies is im-
portant, because they influence our understanding of the origin of
the region and, thus, the nature of its bimodal stellar clustering. If
NGC 346 is a gravitationally bound object, but not relaxed yet, as
the findings of Sabbi et al. (2008) suggest, then probably the con-
densed stellar component is the undergoing result of dynamical in-
teractions between smaller clusters. On the other hand if NGC 346
expands as the result of Gieles & Portegies Zwart (2011) implies,
then most probably the central cluster was originally formed con-
densed. Under these circumstances a clarification about the origin
of the central cluster and of the bimodal clustering behavior of the
young stars in NGC 346 can only be achieved with the accurate
determination of stellar dynamics, i.e., kinematics, of the region.
By reversing the above analysis we make a prediction for the
velocity dispersion that the system would have if it was dynami-
cally stable or unstable. The condition for stability for NGC 346
(Π = 1) requires Tcr = 3Myr, which implies a velocity dispersion
of σ ≃ 6 km s−1 for rh = 9 pc. (This value is in excellent agree-
2 Due to its asymmetrical stellar clustering, the determination of a crossing
time for the whole region may not make sense. It is, though, useful in un-
derstanding its dynamical status, especially in comparison to other objects.
ment with the line-of-sight velocity dispersion of stars within a pro-
jected distance of 5 pc from the centre of the young massive cluster
R136 in the Tarantula nebula; see He´nault-Brunet et al. 2012.) It
should be noted that the half-number radius, i.e., the characteristic
radius, in our young stellar sample is larger than that determined by
Sabbi et al., and equal to rh ≃ 16.5 pc. Assuming this radius, the
velocity dispersion at the stability limit raises to σ ≃ 11 km s−1,
still within typical values (e.g., Sana et al. 2013). The predicted val-
ues of 6 - 11 km s−1 for the velocity dispersion of NGC 346 provide
a limit for characterizing the stability of the system as a whole. If
the velocity dispersion is larger that this limit, NGC 346 is bound
and collapsing (since Π > 1), while for values lower than this es-
timate, the system is unbound, and thus possibly under dissolution.
In any case, different stellar components in the region are expected
to demonstrate different velocity dispersions, depending on their
own dynamical status.
In the above discussion we assume a single age of∼ 3 Myr for
the entire region, based on its PMS stars (Sabbi et al. 2008). How-
ever, single-epoch photometry of PMS stars is significantly affected
by their physical characteristics (unresolved binarity, accretion, cir-
cumstellar extinction, variability, etc) that dislocate these stars from
their theoretical positions on the color-magnitude diagram. This ef-
fect causes a color-luminosity spread of the PMS stars, which trans-
lates to an artificial age-spread, making the measurement of stellar
ages (and masses) quite uncertain (see review by Gouliermis 2012).
This issue, for Hubble imaging of PMS stars in the Magellanic
Clouds, can only be accurately addressed through probabilistic de-
termination of their physical parameters (e.g., Da Rio et al. 2010).
Naturally, a more accurate determination of PMS ages in NGC 346
and verification of an age-spread, which may even be positional de-
pendent, would have noticeable implications to our understanding
of star formation in the region.
6 CONCLUDING REMARKS
Concluding remarks, derived from our analysis, are summarized to
the following:
Large star-forming complexes are excellent stellar ‘ecosystems’
for the investigation of clustered star formation, because the repre-
sent the typical 100-pc scale of giant molecular clouds.
The combined application of various cluster analysis tools is
necessary for thoroughly characterizing young stellar clustering. In
particular the autocorrelation function emerges as a robust method,
because, supported by the appropriate simulations, it is capable to
distinguish different clustering styles.
We determine that the clustering of young stellar populations in
the star-forming complex NGC 346 has two distinct components;
An extended self-similar, i.e., hierarchical, stellar distribution, and
at least a centrally condensed young stellar cluster.
Dedicated simulations of combined stellar distributions show
that the condensed stellar component of fits to a spherical clus-
ter, including 40% of the stars, with a core radius between 8′′and
9′′(∼ 2.5 pc) and a power-law surface density profile with slope
between 2.20 and 2.35. The remaining population is fractally dis-
tributed across the whole extent of the region with a fractal dimen-
sion D3 between 2.20 and 2.36.
Our findings suggest that the present clustering behavior of
young stars in NGC 346 is the product of both star forma-
tion (turbulent-induced hierarchy), and early dynamical evolution
(merging towards or dissolution of a centrally condensed cluster).
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Both processes seem to be still active after a time-scale of∼ 3 Myr,
i.e., the assumed evolutionary age of the region.
The origin of this bimodal clustering behavior is not clearly
understood. Considering that it influences the future evolution of
the region, we assess that if the complete system is under dis-
ruption then possibly the central cluster was formed condensed. If
NGC 346 contracts under its own gravity then this would imply that
the central cluster may be the product of this contraction. We deter-
mine that the velocity dispersion limit for stability of the region as a
whole is σ ∼> 6 - 11 km s−1. However, based on the heterogeneous
clustering of the region, the local velocity dispersion of individual
sub-structures should demonstrate variations.
Considering the excellent coincidence of the fractal dimension
derived for the stellar clustering with that measured and theoreti-
cally predicted for the turbulent interstellar medium, a natural step
forward for this study is to understand how the stellar assembling
process relates to the structuring behavior of the natal interstellar
medium. This topic will be addressed in a subsequent study, where
we compare the interstellar gas structure to that presented here for
the young stars in NGC 346.
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APPENDIX A: LIBRARY OF SIMULATED
AUTOCORRELATION FUNCTIONS
A1 The Requirement for Simulated ACFs
A cluster analysis method, developed by Larson (1995) as a mod-
ification of the standard two-point angular correlation function
(Gomez et al. 1993), is the correlation of the mean surface density
of stellar companions (MSDC) against pair separation (in logarith-
mic scales). In general, the MSDC behaves in analogy to the ACF3,
with a power-law index η being identically associated to the fractal
dimension D2. Both methods, however, are subject to observational
limitations in their interpretation.
A break in the power-law of the MSDC of Galactic star-
forming regions is suggested to be strongly influenced by the over-
all stellar surface density (Simon 1997; Bate et al. 1998), rather
than representing a characteristic scale, as was previously pro-
posed. Moreover, a single power-law index may not even be re-
lated to the fractal dimension of the clustering, merely reflecting
3 An advantage of the ACF over the MSDC is that the former is normal-
ized by the average density in the survey area. This allows the clear dis-
tinction between strongly and weakly clustered samples (from the absolute
ACF values), and the direct comparison of the shape of ACF for different
ensembles.
the large-scale density gradient in a centrally concentrated cluster
(Bate et al. 1998; Klessen & Kroupa 2001). These limitations, in
addition to edge effects introduced by the unavoidably limited ob-
served fields (Cartwright & Whitworth 2004, see also Section 3.1),
require the simulation of distinctive stellar clusterings for the cor-
rect characterization of the ACF, and its use as a cluster analysis
diagnostic.
In this Appendix we build a library of typical ACFs, based
on simulations of centrally concentrated clusters and fractal stellar
distributions. We describe these simulations and their ACFs in Ap-
pendices A2 and A3, where we also verify the behavior of the ACF
for a random stellar distribution, i.e., for a sample of non-clustered
stars (Appendices A2.1 and A2.2). These ‘field’ ACFs are consis-
tent with a value of ≃ 1, and remain unchanged with the separa-
tion range. The spatial coverage and stellar numbers of all consid-
ered artificial distributions are scaled to be identical to the field-of-
view and stellar sample covered by our Hubble ACS observations
of NGC 346.
A2 The Autocorrelation Function of Centrally Concentrated
Stellar Distributions
We examine the autocorrelation of stars spatially related to each
other within a spherically symmetric cluster. We compose artificial
centrally-condensed stellar distributions that follow typical stellar
surface density profiles, and we construct the corresponding ACFs
in order to comprehend their behavior in comparison to the ob-
served ACF of NGC 346. All simulations are performed for the
same number of stars with that in our observed sample (5,150) con-
fined within a field-of-view identical to that covered by the three
ACS/WFC pointings mosaic. We consider two types of radial stel-
lar density profiles for the synthetic clusters: Profiles following the
empirical law by King (1962), and those represented by the model
of Elson, Fall & Freeman (1987). The latter, representing clusters
that are not tidally truncated, are best-suited for extended clusters
surrounded by well populated stellar fields, as is usually the case
in large star forming regions like NGC 346. Therefore we base our
analysis on these clusters, the simulations of which are presented in
Appendix A2.2. Below, we also present the King star cluster pro-
files for reasons of completion in our study, and for a reference for
future studies on the ACF of star clusters.
A2.1 King-profile Clusters
We further investigate the ACF of more realistic centrally concen-
trated stellar clusters in dynamical equipartition. Artificial spherical
clusters were simulated to follow stellar surface density profiles de-
fined by King’s semi-empirical model (e.g., King 1962). The func-
tional form of these profiles is:
f(r) ∝
( 1
[1 + (r/rc)2]
1
2
− 1
[1 + (rt/rc)2]
1
2
)2
, (A1)
where f is the stellar surface density, and r is radial distance. The
clusters are constructed with various values in their concentration
parameter c, defined as c = log rt/rc, where rt and rc are the tidal
and core radius of the cluster.
The ACFs for a sample of such clusters are shown in Fig-
ure A1 along with that for the random field (plotted in red). Clusters
are constructed with concentration parameters equal to 0.5 (plotted
in orange), 1.0 (light green), 1.5 (green) and 3.0 (blue) respectively.
The latter represents the observed extreme in the parameters space
c© 2013 RAS, MNRAS 000, 1–??
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c =  3.0
c =  1.5
c =  1.0
c =  0.5
Figure A1. ACFs for a sample of four centrally concentrated clusters that
follow King-type stellar density profiles with different concentration pa-
rameters, c, as indicated in the plot. Vertical color dotted lines correspond
to the rh of the clusters, and the black dashed line corresponds to the rt of
the clusters, which is chosen to be identical and equal to 55 pc. The ACF of
a random stellar distribution is plotted for reference in red.
r  = 2”c
r  = 4”c
r  = 6”c
r  = 8”c
r  = 10”c
Figure A2. ACFs for a sample of five centrally concentrated clusters that
follow EFF-type stellar density profiles. All clusters in the plot have the
same number of stars, ∼ 5, 000, and a fixed outer profile slope, γ = 3,
typical for young clusters in the Magellanic Clouds, while their core radii,
rc, vary. They are selected to have typical values of 2′′, 4′′, 6′′, 8′′, and 10′′,
indicated with vertical dashed lines in magenta, blue, green, light-green and
orange respectively. The ACF of a simulated random (unclustered) field of
the same number of stars is shown in red for reference.
of known Galactic globular clusters (Pal 12, c = 2.98; Harris 1996,
2010 Edition4). From these plots it is seen that while indeed for
all clusters the autocorrelation function is 1 + ξ(r) > 1, it does
not again remain constant through the whole range of stellar sep-
arations r, but it drops at larger separations towards the outskirts
of the clusters converging to the random field value of unity. The
ACFs reach this value at the radii where essentially the clusters
meet the surrounding field, comparable to their tidal radii. For rea-
sons of simplicity, in the examples shown in Figure A1 all clusters
are constructed to have the same rt = 55 pc (≃ 196′′).
There are two derivatives from these simulations: (1) The
4 http://physwww.physics.mcmaster.ca/∼harris/mwgc.dat
Figure A3. ACFs for a sample of five centrally concentrated clusters that
follow EFF-type stellar density profiles. All clusters have the same number
of stars,∼ 5, 000, and a typical fixed core radius, rc = 8′′, indicated in the
plot with the vertical grey dashed line. Their outer density profile indexes,
γ, are selected to have values typical for young Magellanic Clouds clusters,
of 1, 2, 3, 4, and 5. The case of γ = 1 is an unobserved extreme used here
for demonstrating the flatness of its ACF.
maximum values of 1+ξ depend on the degree of concentration, i.e.
the concentration parameter, of each cluster; More centrally con-
centrated clusters have higher ACF values, and they are thus ‘more
clustered’. This trend, which is more obvious at small separations,
becomes less important for clusters with c ∼> 1.5. (2) The shape
of the ACF drops at larger separations (up to the field value) also
depends on the concentration parameter. It naturally depends also
on the limiting radius of the cluster, i.e., its tidal radius; Clusters
with larger rt and smaller c have smoother drop in their ACFs. In
the examples shown in Figure A1 all clusters have the same rt, and
thus the steepness of the drop of their ACF depends only on their
concentration parameter.
A2.2 EFF-Profile Clusters
The outskirts of young stellar clusters, located in star-forming re-
gions of the Magellanic Clouds, demonstrate extended outer en-
velopes, which cannot be represented by King’s semi-empirical
model (e.g., King 1962), designed for tidally truncated globu-
lar clusters. Elson, Fall & Freeman (1987) developed an empirical
model more suitable to describe the stellar surface density profile
of such clusters (from hereon the EFF model). We base our simu-
lations of centrally-concentrated clusters on this model.
The surface stellar density of the cluster according to the EFF
model is described as:
f(r) = f0
[
1 +
( r
α
)2]−γ/2
+ ffield, (A2)
where f0 is the central stellar surface density, α is a measure of
the core radius and γ is the power-law slope which describes the
decrease of surface density of the cluster at large radii; f(r) ∝
r−γ/2 for r ≫ a. The uniform background density is given by
ffield. For comparison, a King profile (Eq. A1) for rt ≫ rc would
be described as:
f(r) = f0
[
1 +
(
r
rc
)2]−1
+ ffield. (A3)
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D   = 2.63 D   = 2.03 D   = 1.63
Figure A4. Sample of our simulations of three self-similar stellar distributions. The distributions of few thousand stars with fractal dimensions
D3 = 1.6, 2.0 and 2.6 are shown. Note the trend of stellar clustering to higher clumpiness as D3 becomes smaller, i.e., self-similarity becomes stronger.
On the other hand, the fractal dimension of D3 = 2.6 is very close to the geometrical dimension, and thus the corresponding distribution is very close to a
random. Points are colored according to their z-axis positions.
The basic parameters of the EFF model, α, γ and ffield, are mea-
sured from the fitting of observed profiles with the function of
Eq. (A2).
In order to determine the ACF of clusters following EFF pro-
files, and compare it to that for NGC 346, we simulate clusters that
contain the same number of stars as the observed field of NGC 346
placed in a comparable field-of-view. Apart from the total number
of stars of the cluster, we construct our EFF centrally concentrated
clusters by providing as input parameters its core radius, rc, and the
outer surface density index, γ. For reasons of simplicity we ignore
the constant contribution of the field, assuming ffield = 0.
According to the EFF model, the relation of α to the core ra-
dius is given from Eq. (A2) assuming no contribution from the field:
rc = α(2
2/γ − 1)1/2. (A4)
Our simulated clusters have rc and γ values comparable to
typical values for young clusters in the Magellanic Clouds
(Mackey & Gilmore 2003a,b). In Figure A2 we show the ACFs of
five EFF clusters with the same typical value of γ = 3 and dif-
ferent core radii. Figure A3 demonstrates the constructed ACFs for
such clusters keeping the core radius constant at the typical value
of rc = 8′′ while varying the profile index γ within the range of
observed values.
Both Figures A2 and A3 demonstrate the dependance of the
shape of the ACF of centrally condensed clusters on the assumed
structural parameters of the clusters. In Figure A2 can be seen that,
for clusters with the same number of stars, larger rc produced more
shallow ACFs in particular at smaller separations. The reason for
this behavior is that stars would be confined in a narrow area (with
short separations) if the core were small. A larger core for the clus-
ter forces them to be distributed over a wider area with higher
separations among them, flattening the ACF at small separations.
These clusters will appear in the ACF plot ‘less clustered’ than
those which are more centrally concentrated, i.e., in smaller cores.
On the other hand, as shown in Figure A3, if the core remains un-
changed, the surface density profile slopes change accordingly the
decrease of the ACF at large separations. Steeper density profiles
lead to ACFs, which are steeper at large separations. The slope of
the ACF at smaller separations remains unchanged, while its ab-
solute values are smaller (less clustered) for more shallow stellar
surface density profiles at the outskirts of the clusters.
Both figures with the ACFs of EFF-profile clusters show a
change in their separations dependence, i.e., a ‘breaking’ of the
ACF slope, at different scales. In Figure A2, the use of clusters
with the same γ demonstrates that the radial distance where the
separation dependence of ACF changes, i.e., where the power-law
‘breaks’, depends on how well concentrated the clusters are, i.e.,
on their rc. Therefore, the separation, where the break occurs may
be related to a radial scale, which is characteristic for its stability5.
A3 The Autocorrelation Function of Self-Similar
Distributions
In this section we consider the ACF of self-similar, i.e., fractal stel-
lar distributions. We construct three-dimensional artificial fractal
distributions with the application of a reverse box-counting algo-
rithm by first defining a cube of side-length 1. Next, this cube is
divided into N 3div equal sub-cubes, of side-length 1/Ndiv, which
is the first generation of ‘children’. Nran of these sub-cubes are
then randomly selected to become parents themselves and further
divided into N 3div child sub-cubes, and the process is repeated re-
cursively, terminating at the desired level of recursion. At this stage
each of the smallest (final generation) sub-cubes has a star placed in
it. Finally, we normalize the three-dimensional coordinates of these
stars to a total side-length of the order of our observed field-of-
view6. The counting-box fractal dimension depends on both Ndiv
andNran, and is defined as
D ≡ ln (Nran)
ln (Ndiv) . (A5)
Normally we use Ndiv = 2, in which case there are 8 sub-cubes
(children) in every generation. The probability that a child cube
will further be divided and become a parent is N (D−3)div . For lower
5 We explored this dependance for clusters following a King profile in Ap-
pendix A2.1.
6 We assume an average side-length of 6656 pixels, corresponding to
≃ 5.55′, or ≃ 94 pc.
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Figure A5. ACFs of six different self-similar stellar distributions, having
fractal dimensions of D3 = 1, 1.6, 2, 2.3, 2.6 and 2.8. A sample of one dis-
tribution out of several constructed for each D3 is shown here. These plots
show that the ACFs of fractal stellar concentrations should monotonically
increase for smaller stellar separations, unlike what we observe in NGC 346.
D, this probability is lower and the distribution becomes more
‘porous’. This technique was originally implemented by various
authors (see, e.g., Bate et al. 1998; Cartwright & Whitworth 2004).
The produced fractal distributions contain specific stellar
numbers by culling randomly the stars that populate the final sam-
ples. The number of iterations, i.e., of produced generations, de-
pends on the total number of stars to populate the distribution, N⋆
and Nran as Ngen = log (N⋆)/ log (Nran). Normally we require
10,000 stars to populate our fractal distributions, and thus we pro-
duce about 13 generations in each simulation. To avoid an obvi-
ously regular structure, we add a bit noise to the positions of the
stars, by repositioning every star by a random infinitely small frac-
tion of the sub-cube size. The examples of three such fractal distri-
butions are shown in Figure A4.
The ACFs of indicative self-similar distributions of approxi-
mately 5,000 stars with fractal dimensions D3 between 1.0 and 2.8,
are shown in Figure A5. These ACFs show a monotonous decrease
with stellar separation, and no indication of a change of slope at
a specific scale, unlike what we find in NGC 346. We examined
the effect of different viewing angles of the distributions to their
two-dimensional projections and the subsequent effect to the pro-
duced ACF, and we found that – at least for these stellar numbers
of ∼ 5,000 – the derived ACFs show no difference at all, with the
corresponding indexes remaining essentially unaffected. It should
be noted that the pure 3D fractals generated by the box counting
method, after projected on the 2D plane, produce a “wiggle” in their
ACF, which nevertheless does not affect their monotonous trend.
The scale where this wiggle appears seems to depend on the frac-
tal dimension, occurring for low fractal dimensions at larger scales
than for higher fractal dimensions. In the case of the best repre-
sentative simulations (D3 ∼ 2.3) this wiggle occurs at separations
∼< 2′′.
APPENDIX B: RELATION BETWEEN THE FRACTAL
DIMENSIONS D3 AND D2 THROUGH THE ACF INDEX η
The application of the ACF provides a measurement of the two-
dimensional fractal dimension D2 of the considered ensemble
through its index η (see, e.g., Section 3). However, we construct
Figure B1. Calibration relation between the three-dimensional fractal di-
mension D3, the ACF index η, and the corresponding two-dimensional
fractal dimension D2, derived from our simulated self-similar stellar dis-
tributions.
our simulated fractal distributions in a volume, providing as basic
input parameter the three-dimensional fractal dimension D3, and
there is no direct relation between D3 and D2. A simple conversion
D3 = D2 + 1 is usually cited, which, however, applies only if the
perimeter-area dimension of a projected 3D structure is the same as
the perimeter-area dimension of a slice (Elmegreen & Scalo 2004).
We utilize our simulations of self-similar stellar distributions to
provide a more general conversion between D3 and η, and con-
sequently between D3 and D2. This empirical conversion can be
very useful for comparing results from methods that measure D2
to those from methods that provide measurements for D3 (see, e.g.,
Federrath et al. 2009, for a discussion on the available methods),
with no need for assuming the simple relation D3 = D2 + 1.
Since in our box-counting simulations we have to use inte-
ger numbers for Nran and Ndiv, there is a limited number of input
values for D3 that can be applied. We performed simulations as-
suming two numbers for Ndiv (2 and 3) and established a set of
8 self-similar distributions with different D3, which span the com-
plete realistic range of values between D3 = 0.5 and ∼< 3. Then we
constructed their ACFs and determined the corresponding indexes
η, as well as the corresponding two-dimensional fractal dimensions
D2 from the relation D2 = 2 + η. The derived empirical calibra-
tion is shown in Figure B1. From this figure one can see that D2
almost equals D3 only for D3 ∼< 1.6; this one-to-one relation is
represented by the left-hand dashed grey line. For larger values of
D3, the derived D2 converges toward its maximum possible value
of 2 while D3 approaches its own maximum of 3, having another
linear dependence to each other, demonstrated by the right-hand
dashed grey line. A simple functional form that can thus represent
this relation is:
D2 ≃


D3 , forD3 6 1.6
1.1 + 0.3D3 , forD3 > 1.6
(B1)
It is worth noting that for typical D3 values derived for
turbulent-induced hierarchy, measured in interstellar gas (D3 ∼
2.3), the corresponding D2 value according to our conversion is
D2 ∼ 1.8. The errors shown in Figure B1 are the standard devia-
tions of the derived values for η after performing few realizations
in the construction of the synthetic fractal distributions for each D3
value.
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